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Therefore one can do small molecule vibrational spectroscopy inside U 
molecules by using che resonance Raman effect. 

Since the output of cw lasers is restricted to che visible 
near-ultraviolet spectral regions, biological applications of resonance ^ 
spectroscopy have been limited to complex and specialized chromophores such"*" 
the heme prosthetic group, or the retinal pigment of rhodopsin. the advent ^ 
reliable high-powered pulsed lasers, whose output frequency can readily [ 
shifted by non-linear optical devices, now makes possible the recording 0 l 
Raman spectra in the deep-ultraviolet region. 3 -5 As a resulc re _ ° 
enhancement of many more biological chromophores can be examined. 
include the purine and pyrimidine bases of nucleic acids* " "> and the aromatic 
side chains of proteins' as well as the peptide bond itself. 1* -20 ^ 

article is a progress report on possibilities for ultraviolet resonance sj^ n 
(UVRR) applications to proteins. Studies aimed at exploiting Aese 

possibilities are still at an early stage and n*ny nore developments can be 
expected in the future. Nevertheless, some promising directions can already 
be discussed. 

INSTRUMENTATION 

Although some UVRR spectra have been recorded with the 257 nm cw output of 
a frequency-doubled argon laser*'. » md ochers ^ f lashlamp _ pumped ^ 
lasers, 2, the standard laser source in laboratories currently pursuing 
ultraviolet Raman spec troscopy3 -5 is che Q . swiCched Nd:YAG la£er ^.^ 
duces high-power - 7 ns pulses in the near- infrared, 1064 nm, with a repeti- 
tion rate of 10-30 Hz. The frequency of these pulses is readily doubled (532 
nm), tripled (355 nm) , and quadrupled (266 m ) with doubling and mixing 
crystals provided by the manufacturer. Several options are available for 
generating deeper UV light. In their pioneering application of the YAG laser 
to dee P -UV Raman spectroscopy, Ziegler and Hudson* generated the fifth 
harmonic (213 nm) with a KDP crystal cooled to -40'C. There are technical 
difficulties with cooled KDP crystals, but new crystals made from fi barium 
borate appear capable of efficient fifth harmonic generation at room 
temperature. 25, 26 Ashe r has described a system for doubling the output of a 
YAG-pumped dye laser (rhodamine 6G) and mixing it with the YAG fundamental to 
produce continuously tunable output down to 218 nm. 4 

The simplest frequency shifting device is the H 2 Raman shifter,*? a tube 
of high pressure hydrogen gas in which the focussed YAG laser pulses generate 
new frequencies, which are separated by multiples of- the H-H stretching 
frequency, 4155 cnf' via the stimulated Raman effect. In this way a comb of 
frequencies can be produced from the fundamental and overtones of the YAG 
output, providing wide coverage of the UV region, as illustrated in Figure 1. 
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Protein Raman spectra have been recorded with the H 2 -Raman -shifted YAG 1- S er 
at wavelengths down to 192 nm." S6r 

Also shown in Figure 1 is a block diagram of the YAG h, „ » 
spectrometer employed in the author-, l >, S 

«.W . p P y d in the author s laboratory. 5 The desired frequency is 
lected from the comb of H 2 -Raman-shif ted lines with a Pellin-Broca rism an 
. .« onto the sample. Xhe scattered light is collected with a quit: lei 
fleet cs _ be subscicuted mdfocuss J onco " 

of a 1.26 meter single monochromator. Although there is significantly 

o re scr Ughc with asingle ^ ^ double or ttiple mo j hro j;;; 

h throughput u also correspondingly higher. The throughput is a critical 
arameter because of the low useful average powers available with a pulsed YAG 
laser. The peak power is limited by the onset of ron l inear optical effects or 
f Photochemistry. Thus Asher and coworkers H*ve found power-dependent 
ontrxbut.ons of tryptophyl and tyrosyl radical species to the UVRR spectra of 
ryptophan and tyrosine.- Deplecion of che cryptophan ground ^ _ 
found to interfere with quantitative measurements of the excitatic. profile- 
rs problem can be avoided, » however, by using a single rather than a triple 
monochromator. 

Clearly the situation would be greatly improved if the laser repetition 
rate could be increased, thereby increasing the average power available for a 
given peak power. In this connection the use of a KrF excimer laser operatin s 
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at 248 run for Raman spectroscopy has been described. 30 The excimer bandwidth 
is normally too broad for Raman spectroscopy, but the use of a second cavity 
for injection locking allows most of the energy to be delivered within a band 
of less than 1 cm" 1 width. This device is capable of operating at 80 Hz. 
Argon fluoride can also be used, with fundamental output at 193 nm, although 
the lifetime of the gas is short. In general, excimer lasers are less 
reliable and more difficult to operate for extended periods than are YAG 
lasers. There is promising new technology based on the cw YAG laser which can 
be mode-locked and Q-switched t to produce picosecond pulse trains with a 
repetition rate near 1 kHz. Suitably amplified, these pulses might be shifted 
deep into the ultraviolet. 

The monochromator can be equipped with a photomultiplier and the spectrum 
scanned, or it can be operated as a spectrograph with a multichannel detector. 
Although a multichannel detector can reduce the spectral acquisition time, the 
small size of its target limits the available resolution. With a - 1.5 era 
wide, 600 pixel target on a 0.75 meter monochromator with a 3600 groove/ram 
grating (the highest groove density available) operating in first order, each 
pixel covers 1 cm" 1 . at 200 run. Since there is some cross -talk among the 
pixels, the effective resolution is ~ 2 on -1 . In the scanning mode, a "solar 
blind" photomultiplier can be used, 3 which cuts out responses at wavelengths 
longer than - 300 nra, thereby eliminating stray light contributions from the 
visible and near-UV region. 

Ziegler and Hudson 3 introduced the practice of exciting a free -flowing 
stream of sample emerging from a hypodermic needle, which has the advantage of 
eliminating scattering and surface decomposition effects associated with cell 
walls. This technique is improved by adding guide wires to the needle tip to 
produce a laminar stream, 31 which permits slower flow rates and a smaller 
recirculating sample volume. 20 The stream can be enclosed in a controlled 
atmosphere envelope to avoid reactions with atmospheric oxygen. 5 Since UV 
photochemistry can be mediated by Q , control of the atmosphere is an 
important aspect of the experiment. 

THE POLYPEPTIDE BACKBONE 
Amide Vibrations 

Three characteristic vibrational modes of the amide link are observed in 
Raman and IR spectra of polypeptides and proteins, amide I, II and III at 
1650, - 1560, and - 1250 cm" 1 . 32 The first of these is the stretching mode of 
the C-0 bond, primarily, while amide II and III are mixtures of C-N stretching 
and N-H bending coordinates. When the N-H is converted to N-D in DjO, N T * D 
bending is shifted to nuch lower frequency, leaving an essentially pure C-N 
stretching mode, 16 amide II', at - 1450 cm" 1 . In non- resonance Raman spectra 
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amide I is strong, and its frequency is sensitive to the protein secondary 
structure, 32 e . g-. a-helix, £-sheet and unordered structures, but the amide II 
band is very weak. With excitation approaching the strong amide tt-tt* 
absorption band at - 195 nm, 33 however, amide II is strongly enhanced, 13 . 16 ' 19 
and indeed becomes the dominant amide mode. Evidently the main structure 
change in the tt-tt* excited state is stretching of the C-N bond. 16 

Moreover, the amide II RR intensity depends strongly on the polypeptide 
conformation, thereby providing a method for determining protein secondary 
structure. The amide II cross section of tropomyosin with 200 nm excitation 18 
was found to increase strongly with increasing pH, as the a-helical content is 
lowered. This behavior is readily understood on the basis of the hypochromism 
exhibited by the amide jr-ir* absorption band for a-helical polypeptides, due to 
the alignment of the transition dipoles. 33 RR intensity scales .with the 
square of the electronic transition moment (on the basis of the leading A terra 
of the scattering equations 3 * ) accounting for the strong dependence on the 
a-helical content. 

Proteins other than tropomyosin showed the same linear dependence of amide 
II intensity on a-helical content unless they contained a significant fraction 
of £-sheet structure, in which case the intensities were elevated. 19 This 
elevation is associated with a slight redshift of the tt-tt* transition in 
£-sheet polypeptides relative to a-helical or random coil structures. 33 The 
absorption spectra for polylysine in /9-sheet or random coil forms are 
isosbestic at 192 nm, and it was found when this excitation wavelength was 
used, all proteins examined fell on a single line when amide II intensity was 
plotted against a-helical content. 19 This is consistent with the cross 
sections for 0- sheet and random coil being equal at 192 nm. Thus, two 
intensity measurements, at 200 and 192 nm, can give the fractions of the three 
principal elements of secondary structure. The method was tested on a- and 
^-purothionin, 19 and found to give results in good agreement with those 
obtained from the application of visible excitation Raman spectroscopy to the 
amide I band. 35 

Since the sensitivity is much higher, the UVRR technique can be applied to 
more dilute protein samples than non-resonance Raman spectroscopy, and is 
applicable in the same concentration range as UV Circular dichroism (CD). It 
has the advantage over the CD technique of being uncomplicated by 
contributions from other UV chromophores , e.g. aromatic side chains, since the 
amide II UVRR band is well resolved from the aromatic bands. 19 
Proline 

The one residue that does not fit the amide pattern discussed above is 
Proline, in which the alkyl side chain is fused to the peptide N atom 
displacing the H atom normally present. Because there is no N-H bending mode, 
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Che amide II and III modes are replaced by a single mode near the amide H> 
frequency, - 1460 cm* 1 . 20 - 36 The alkyl substitution of the peptide N shifts 
the amide n-n* electronic transition appreciably to the red. Consequently 
proline has a much stronger enhancement when excited at 218 nm than do other 
peptide links. 20 As a result, a small number of proline residues can be 
detected with 218 nm excitation. Thus, the 218 nm-excited UVRR spectrum of 
ribonuclease shows a band centered at 1458 cm which is attributable to it3 
four proline residues, two of which are in the c is conformation while the 
other two are trans . 3 7 The protein unfolds at low pH and the cis prolines are 
partially converted to trans. 37 The UVRR spectrum at pH 1 . 5 . shows an upshift 
of the proline band to 1466 cm" 1 . This is the expected direction since the 
C-N stretching vibration is higher for trans than for cis peptide 
conformations. 32 Thus the UVRR technique holds promise for monitoring 
cis -trans isomerization of proline, which is believed to be an important 
kinetic step in protein folding pathways. 

AROMATIC SIDE CHAINS 
Phenylalanine 

The phenylalanine (Phe) side chain is a benzene ring attached to the a 
carbon of the residue by a methylene link. The UVRR scattering of benzene and 
alkyl benzenes has been elucidated by Ziegler and Hudson. 3 ' 38 The first two 
electronic transitions of benzene, (~ 255 mi) and 1^ (- 205 nm) are 

forbidden by symmetry while the third, degenerate transition, B a 5 at 183 nm 
is allowed. The forbidden transitions provide no resonance enhancement of 
fundamental vibrations because the transition moment is zero. Overtones can, 
however, be enhanced via the vibronic C term, which involves the square of the 
transition moment derivative with respect to the normal mode. 3 With 
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spectrum is dominated by overtones of i/ s and v 9 , which are the main 
vibronically active modes in the L a state. The ring breathing mode, i/, , is 
strongly enhanced in the allowed B a ^ state due to its strong Franck- Condon 
activity (A term) . 

Alkyl substituents on the benzene ring perturb the vibrational and 
electronic symmetry. The state acquires some allowed character and 

enhancement of the fundamentals of 1/3 a ^ and 1/9 a b, each split into a and b 
components by the substituent, become enhanced via the vibronic B term, which 
involves the cross product of the transition moment and its derivative. 38 In 
addition there is weak enhancement of totally symmetric modes in the L a 
absorption band via the A term, and strong enhancement in the B a ^ absorption 
band. This is the scattering pattern observed for Phe. 12 ' 1 ^' 29 

Interestingly, stronger overtone than fundamental scattering for the ^a a( b 
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bands is seen in resonance with the B a ^ absorption band of Phe , implying a 
significant change in force constant for this state. 29 

In proteins the Phe UVRR cross sections are variable, and are significantly 
higher than for the aqueous amino acid. 39 This effect can be modelled by 
adding ethylene glycol, and is attributable to the intensification and 
redshift of the absorption bands in a hydrophobic environment. 39 Thus the 
scattering intensity can give some information about the environment of Phe 
res idues . 

Tyros ine 

Tyrosine (Tyr) has a benzene ring with a hydroxy! substituent para to the 
methylene link. Its absorption spectrum resembles that of Phe but is somewhat 
red-shifted. Its UVRR bands 1 1 * 1 4 > 29 are similar to those of Phe in frequency 
and enhancement pattern, but there are notable differences. Thus the i/ 8a and 
t/ fl k bands are enhanced within the L a absorption band (- 223 nm) , but also in 
the allowed- B a D absorption band (- 193 nm). 29 This strong enhancement of 
vibronically active modes in an allowed electronic transitions is attributed 
to substantial electronic mixing of the L a and states via the perturbing 
influence of the hydroxyl substituent, leading to significant Franck-Condon 
activity for the u 8a mode in the ^ state, and also vibronic mixing of the 
split B a and By, states via the i/ 8o mode. 29 These influences are accentuated 
by deprotonation of the hydroxyl substituent to produce tyrosinate ion, which 
shows even stronger i/ 8a and 1/35 activity in the B a ^ states. Interestingly, 
the i/ fla and i/ So overtones are much weaker, in resonance with the B a ^ band,, 
for Tyr than for Phe, implying that the force constant change in this state is 
attenuated by the same hydroxyl perturbation. For tyrosinate, the u Qa 
overtone enhancement is again increased, because of the significant 
Franck-Condon activity. 29 

In proteins tyrosine frequently acts as a H-bond donor, and sometimes as an 
acceptor. This structural issue has been addressed via visible excitation 
Raman spectroscopy by measuring the intensity ratio of the 830/850 cm" 1 
tyrosine "Fermi doublet". 40 This doublet is due to a Fermi resonance between 
the v ^ breathing mode at - 850 cm" 1 , and the overtone of the f^a out-of-plane 
ring deformation, at about half this frequency. The H-bonding effects perturb 
the frequencies- slightly, thereby altering the Fermi resonance, and the 
intensity distribution. The 830/850 cm -1 intensity ratio is elevated when 
tyrosine acts as a H-bond donor and is diminished when it acts as an acceptor. 
Similar trends have been noted in UVRR spectra excited at 200 nm, but the 
absolute values of the intensity ratios differ from those measured at visible 
excitation since the u 1 mode is subject to greater resonance enhancement than 
the ^i6a mode. 12 Moreover, the intensity ratio has been found 39 to be not 
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uniquely related to H-bonding, presumably cue Co other environmental effects 
(hydrophobic interactions) on the incensLci.es. Likewise Che intensity of the 
i/ 9a band at 1176 cm" 1 , treasured with 229 nm excitation, was found to be 
related to H-bonding, but also other environmental effects. 39 In general, 
Raman inCensities can be expected to be influenced by multiple interactions of 
a given residue. 

A more reliable indicator of • tyrosine H-bonding is provided by the 
frequency of the i/ 8 b mode at - 1600 cm" 1 . 39 This mode contains a contribution 
from the 0-H bending of the hydroxyl substicuent, and large frequency changes 
are seen upon depro tonation or H/D exchange. The frequency was measured for 
the model compound p-cresol in the presence of various H-bond acceptors and 
found to be linearly related to the enthalpy of association. 39 Thus the t^ Q 
frequency can directly provide an escimate of the intrinsic H-bond strength. 
For a small protein, ovamucoid third domain from chachalaca, in which a single 
tyr residue is a H-bond donor to a carboxylate acceptor, the strength of the 
interaction was estimated to be 13.7 kcal/mol, while for aqueous tyrosine it 
is 2.9 kcal/mol. 39 In proteins the i/ ao frequency is best measured with 229 nm 
excitation, a wavelength at which interference from Phe, whose and 
modes overlap those of Tyr, is at a minimum. 29 

Tryptophan 

Tryptophan (Trp) , whose side chain is the indole ring, has a broad 
moderate intensity absorption band at - 280 nm, which is believed to contain 
overlapping contributions from i^ and 1^ transitions analogous to those of 
substituted benzenes. Consistent with this view, the dominant RR bands with 
excitation in this region, at 1622 and 1575 cm* 1 , can be assigned to i/ Sa and 
v 8 ^-like modes centered on the six-membered ring of tryptophan. 12 * 41 A strong 
absorption band at 218 nm has been attributed to B a D -like electronic 
transitions, but the 1^ -like Raman bands are not significantly enhanced in 
this transition, as they are for tyrosine, but are enhanced instead by a 
higher lying transition, not resolved in the absorption spectrum, estimated to 
be at - 204 nm. 29 The Raman bands which are maximally enhanced in the 218 run 
band involve concerted modes of the entire indole ring system, suggesting a 
delocalized electronic state. 29 

With excitation at 218 nm, protein RR spectra are dominated by Trp bands if 
the residue is present. Two of these bands have been found to display 
environmental sensitivity. The 1340/1360 an" 1 doublet shows a variable 
intensity distribution and is related to the hydropobicity of the Trp 
environment. 13 * 42 This doublet has been characterized 1 5 as a Fermi 
interaction between W7 and one or two combinations of the indole ring 
vibrations. The band at 880 cm" 1 contains a contribution from the indole N-H 
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bending/ 3 as demonstrated by its 20 cm" 1 H/D isotope shift. 44 This frequency 
is sensitive to H-bond interactions involving the indole N-H group. 13 

His tidine 

UV excitation profiles of imidazole and substituted imidazole, including 
histidine (His), show two maxima, at - 218 and - 204 run, which have been 
assigned to the first two tt-tt* transitions of the imidazole rino *s 
spectra show a rich array of bands which 
effects, e. p . nrnrnn^rinn ^5 



Le ring. 1 * 3 The RR 
are quite sensitive to structural 
e.g. protonation.^ Thus the UVRR spectra would be useful in 
monitoring the environment of histidine residues in proteins, were it not for 
the fact that the enhancements are relatively weak, due to the modest 
transition moments of the first tt-tt* transitions. In protein UVRR spectra 
examined to date, the histidine bands are unfortunately overwhelmed by bands 
of the other aromatic residues. 45 

A FILAMENTOUS VIRUS 

As an illustration of the potentialities of the technique we show 200 rm 
excited UVRR spectra of the filamentous bacteriophage fd 46 in Figure 2. This 
is a class I virus in which a circular single -stranded 6400 base DNA is 
encapsulated in a sheath of protein made up of 2700 identical subunits, each 
containing 50 amino acid residues. 47 The top spectrum is of the virus itself, 
dispersed in water. Diffuse scattering from the particles, whose length is 
0.1 microns, can be seen in the spectral background which rises towards the 
blue end (low ' Raman shift) of the spectrum. Nevertheless, clearly resolved 
Raman bands are seen which can readily be assigned to residues Ln the coat 
protein, as indicated in the figure. No contribution is detectable from the 
nucleic acid constituent, even though purine and pyrimidine -modes are enhanced 
at 200 nm, 7 » 3 since the DNA is only 12% by weight of the virus. 

Prior to phage maturation, the coat protein resides in the cytoplasmic 
membrane of its host, E . coli . In addition the virus is easily disrupted in 
the presence of lipids or detergents, 48 and circular dichroism measurements 
indicate a major conformational change, with loss of much of the a-helical 
content. The second spectrum in the figure is that of a sodium 
dodecyl -sulfate (SDS) detergent preparation. A large augmentation of the 
amide II intensity supports the view that the coat protein loses much of its 
a-helical character in the detergent micelles. Quantitatively the amide II 
intensity in the intact virus is consistent with the presence of essentially 
completely a-helical protein. 46 When the detergent suspension is prepared in 
D 2 0 many amide protons are exchanged for deuterium, as shown by the strong 
amide II' band in the bottom spectrum, but a significant remnant amide II band 
reflects the amide population whose H/D exchange is slow. 





3 1600 1800 



m excitation of intact fd in 
W, 0.3M sulfate as internal 
i 1% SDS solution, and fd in 
1 mW. Spectral acquisition: 
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The c„o Tyr rescues undergo H/D exchange as shown by the „ 
frequency . and che single Trp residue likewise exchanges i ts indole , „ 8b 
as revealed by the shift of ics 876 c»- band Co 862 c." i„ che _ Pr ° t<>n 

21- n. .excited speccru™ (not shown) . Despite Aisa hydrophobic env ironment 
» -d.caCed, toch ln che incacc phage ^ in ^ ^ 

dominance of che 1360 cm" component of che 1340/1360 cm- doublec >J.*3 

in Che incacc virus che cyrosine OH groups are known Co be m a special 
env.ror.enc since chey cannoc be deproconaced uncil che p„ exceeds 12 whe n h 
P^ocein denatures.- In visible exciCacion R _ ^ ^ 
Perm, doublec h,s an anomalously low ^ nsicy racio 

7 S 33 H " b0nd — Ukewise in che 200 nm exciced speech 

^gure 2) che incensicy racio is anomalously low; ' indeed che 830 cm^ 
co.ponenc cannoc be seen. In che SDS belles, however, che incensicy racio 
is normal for tyrosine exposed to water. 

in Che SOS micelles che Phe bands have che inCensicies expected on che 
oas,s of a q ueous Pne - suggescing chat che chree Phe residues are exposed Co 
solvent In che incacc phage, however, che inCensicies are Piously low 
. chough Phe intensities in che incerior of proceins are normally highe chan 
when exposed Co solvenc- _ ^ 

vi.ibl. excicacion Raman speccra, and have been jested to result fro ra 
stac^ng xnceraccions, either with che DNA bases or with other aromatic groups 
m the protein. 50 ^ FS 
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